Purpose. We evaluated the uptake of angiopep-2 paclitaxel conjugate, ANG1005, into brain and brain metastases of breast cancer in rodents. Most anticancer drugs show poor delivery to brain tumors due to limited transport across the blood-brain barrier (BBB). To overcome this, a 19-amino acid peptide (angiopep-2) was developed that binds to low density lipoprotein receptor-related protein (LRP) receptors at the BBB and has the potential to deliver drugs to brain by receptor-mediated transport. Methods. The transfer coefficient (K in ) for brain influx was measured by in situ rat brain perfusion. Drug distribution was determined at 30 min after i.v. injection in mice bearing intracerebral MDA-MB-231BR metastases of breast cancer. Results. The BBB K in for 125 I-ANG1005 uptake (7.3±0.2×10 -3 mL/s/g) exceeded that for 3 H-paclitaxel (8.5±0.5×10 Conclusions. The results demonstrate that ANG1005 shows significantly improved delivery to brain and brain metastases of breast cancer compared to free paclitaxel. KEY WORDS: ANG1005; blood-brain barrier; brain tumor; paclitaxel.
I-ANG1005 uptake (7.3±0.2×10 -3 mL/s/g) exceeded that for 3 H-paclitaxel (8.5±0.5×10 -5 ) by 86-fold. Over 70% of 125 I-ANG1005 tracer stayed in brain after capillary depletion or vascular washout. Brain 125 I-ANG1005 uptake was reduced by unlabeled angiopep-2 vector and by LRP ligands, consistent with receptor transport. In vivo uptake of 125 
INTRODUCTION
The brain is not only a site of primary tumorigenesis (e.g., glioma) but is increasingly a site of cancer metastasis. Brain metastases are most common in lung and breast cancers, followed by melanoma (1) . With advances in systemic chemotherapy, patients are responding to treatment and brain metastasis rates have soared-estimated at~30% of Her-2+ and triple-negative cancers (2) (3) (4) . The mainstays of brain metastasis treatment are whole-brain radiation, stereotactic radiation, and surgery, with corticosteroids and anticonvulsants for symptomatic management. However, none of these strategies work optimally. Prophylactic cranial radiation has been tested in randomized trials of lung cancer and reduced the probability of brain as a site of failure (5, 6) , but may be associated with a neurocognitive decline. A role for chemotherapy in brain metastases has been difficult to establish. Multiple agents have been tested alone, in combination, or in combination with radiation, including temozolomide, lapatinib, capecitabine, vinorelbine, and taxanes (7) (8) (9) (10) (11) . Few clinical responses and some disease stabilization have been reported. These data underscore the need for fresh approaches to drug penetration at the blood-brain (BBB) and blood-tumor (BTB) barriers.
The BBB is formed by a continuous monolayer of cerebrovascular endothelial cells joined together by tight junctions (12) . For solutes to cross the BBB, they must either dissolve in and diffuse across the lipid endothelial cell membrane or be carried across by a carrier-or receptormediated transport (13) . Unfortunately, most anticancer drugs show very limited uptake into brain following systemic administration (14, 15) . For example, paclitaxel, an agent used in the treatment of ovarian, breast, non-small cell lung and other cancers, reaches concentrations in brain that are 2-3 orders of magnitude less than those in most other tissues (16, 17) . Paclitaxel is kept out of brain in part by active efflux transport, the inhibition of which can raise brain paclitaxel concentrations by 6-10-fold (18) (19) (20) . Overall, the BBB is estimated to limit the brain exposure of >95% of drugs through a combination of low passive permeability, active efflux transport, and biotransformation via phase I and II metabolism (21, 22) .
One approach to overcoming the BBB and BTB is to design drugs that are shuttled into brain using receptors that are naturally expressed at the BBB. This approach has been shown in animals to be successful with antibodies to the transferrin and insulin receptors (23) . Another receptor that recently has been targeted for tissue drug delivery (24) is the low density lipoprotein receptor-related protein (LRP-1), one of a family of low density lipoprotein receptors involved in endocytotic uptake (25) . LRP-1 is highly expressed at the BBB, has a rapid rate of endocytosis (t ½ <30 s), and is upregulated in brain tumors (25, 26) . It has been linked with BBB transcytosis of several proteins and peptides, including β-amyloid, tissue plasminogen activator (tPA), melanotransferrin, and receptor-associated peptide (RAP) (24, 27, 28) .
Demeule et al. developed a series of 19 amino acid peptides called "angiopeps" targeted to the LRP-1 receptor. One of these peptides, angiopep-2, shows enhanced transcytosis across a brain endothelial monolayer system in vitro and improved brain uptake by in situ perfusion (29, 30) . This raises the question of whether drugs could be attached to angiopep-2 for transcytosis across the BBB. ANG1005, a peptide-paclitaxel conjugate with 3 molecules of paclitaxel linked to angiopep-2, has been shown to have activity against subcutaneously implanted gliobastoma and lung tumors, and to extend the survival of mice with intracerebral tumors (31) . However, no studies have been reported on the mechanism of ANG1005 transport at the BBB or the extent to which it is accumulated in brain metastases in vivo. In this study we 1) determined the uptake of 125 I-ANG1005 into brain metastases of breast cancer and 2) evaluated BBB transport, selfsaturation, and inhibition to gain insight as to the mechanism of translocation across brain endothelial cells. We report the ability of 125 I-ANG1005, 125 I-angiopep-2, and 3 H-paclitaxel to be taken up into brain by in situ perfusion, and compare the brain distribution of 125 I-ANG1005 to that of free 14 C-paclitaxel following intravenous injection in animals with brain metastases of breast cancer using quantitative autoradiography.
MATERIALS AND METHODS

Chemicals
3
H-Paclitaxel (10.7 Ci/mmol), 14 C-paclitaxel (53.3 mCi/ mmol), 14 C-dextran (70 kD, 1.1 mCi/g) and 14 C-sucrose (498 mCi/mmol) were purchased from Moravek Biochemicals Inc (Brea, CA, USA). ANG1005 and angiopep-2 were a generous gift from Angiochem Inc. (Montreal, Quebec, Canada) and were labeled with 125 I using iodobeads (29, 30) . The resulting products, 125 I-ANG1005 (204 mCi/mmol) and 125 I-angiopep-2, were purified to >99% by HPLC prior to use. The purity of 14 C-dextran was established by dialysis at 4°C for 24 h (20 kD dialysis membrane cutoff). Poly-L-lysine, Lphenylalanine, aprotinin, chlorpromazine hydrochloride, indomethacin, human serum albumin, and verapamil hydrochloride were obtained from Sigma-Aldrich (St. Louis, MO, USA). RAP was purchased from Oxford Biomedicals (Rochester Hills, MI, USA).
In Situ Brain Perfusion
The in situ rat brain perfusion technique (32, 33) were anesthetized with 40 mg/kg, i.p. sodium pentobarbital (Nembutal, Abbott Laboratories, North Chicago, IL, USA). The neck region was shaved and the left common carotid artery was exposed. The left external carotid artery was ligated and a PE-60 catheter filled with heparinized 0.9% NaCl saline (100 IU/mL) was inserted into the left common carotid artery. A heating pad linked to a YSI feedback controller device (Yellow Springs Instruments, Yellow Springs, OH, USA) maintained rectal temperature at 37°C. The PE-60 catheter was attached to a four-way valve linked to two infusion syringes-one containing drug radiotracer and one tracer-free. Perfusion fluid consisted of bicarbonatebuffered physiological saline (32) in which were dissolved unlabeled compound and/or inhibitors. The perfusion syringes were mounted on a temperature-controlled (37°C), dual infusion pump (Harvard Biosciences, South Natick, MA, USA). In most experiments, brain vascular volume was determined simultaneously using 14 C-sucrose. Perfusion was started upon severing the heart to stop blood flow to the brain. Tracer-containing fluid was infused into the common carotid artery at 5 mL/min for a period of 15-300 s. At the end of tracer perfusion, the animal was either decapitated or the brain vasculature was washed out by switching to perfusion with tracer-free fluid for 15-900 s. At the end of this procedure, the brain was removed from the skull and dissected into regions, which were subsequently weighed (34) . Brain samples as well as dual aliquots of perfusion fluid (50-100 µL) were counted for 125 I activity using a gamma counter (Cobra 600). Samples containing beta tracers were digested with 1 mL tissue solubilizer (Solvable, Perkin Elmer, Boston, MA, USA) at 55°C for 8 h prior to addition of 10 mL of scintillation cocktail (Scintisafe TM 30%, New Jersey, USA). 3 H and/or 14 C radioactivity were determined using dual-label liquid scintillation counting (Beckman LS 6500, Fullerton, CA, USA).
Capillary Depletion
To evaluate the extent to which 125 I-angiopep-2 and 125 I-ANG1005 cross the BBB, capillary depletion was performed as described by Triguero et al. (35) . The brain was perfused with tracer saline for 120 s followed by a 30 s post-wash with tracerfree fluid. At the end of post-wash perfusion, the brain was rapidly harvested from the skull and the perfused hemisphere weighed. The hemisphere was homogenized in ice-cold perfusion buffer, following which 40% ice cold dextran was added. The mixture was rehomogenized and then centrifuged at 5400×g for 15 min at 4ºC. The supernatant and pellet were separated and counted for radioactivity with the supernatant representing brain parenchymal tracer and the pellet representing tracer sequestered by the BBB. Care was taken to complete all steps quickly and to maintain samples ice cold.
Ultrafiltration
The free fraction of 125 I-ANG1005 in perfusion fluid was determined by ultrafiltration.
125 I-ANG1005 was dissolved in 0.5 mL perfusion fluid containing 2.7% human serum albumin in a Centricon micropartition device with a MW cutoff of 10 kD (Amicon Bioseparations, Bedford, MA, USA). The solution was centrifuged at 37ºC to filter 10% of total volume. Aliquots of initial solution, retentate, and filtrate were analyzed for radiotracer by gamma counting. Matching samples were run using protein-free fluid. The free fraction was calculated as the tracer concentration in the filtrate divided by that in the initial solution after correction for filtration efficiency across the membrane.
Octanol Water Distribution Coefficient
Tracers were dissolved in 1 mL phosphate-buffered saline (20 mM, pH 7.4) and 1 mL of water-saturated octanol was added. The mixture was vortexed for 1 min, centrifuged for 2 min, and then allowed to separate into organic and aqueous phases. Duplicate 50µl aliquots were taken from each phase and counted for radioactivity. The log octanol-water distribution coefficient (LogD) was calculated as Log[(tracer concentration in octanol)/(tracer concentration in saline)].
High Performance Liquid Chromatography (HPLC)
A Varian Prostar HPLC system (Model SD-200) with UV detection (Dynamax) was utilized to purify the ANG1005 and angiopep-2 radiotracers and later to study the stability of the tracers in brain and perfusion fluid. A reverse phase C-18 YMC-Pak ODS-AM, 5µm, 150×4.6 mm column was utilized for analysis. The mobile phase consisted of a gradient system with water (mobile phase A) and acetonitrile (mobile phase B), both with 0.05 % trifluoroacetic acid (TFA). The system was started at a flow rate of 1 mL/min with 10% B and held for 4 min. The system was ramped to 65% B from 4 min to 9 min and held at 65% until 15 min and then brought back to 10% B. Eluent samples were collected every minute into glass test tubes and counted for radioactivity. Only specimens with >99% purity were utilized for in vivo or perfusion studies.
Brain Extraction of ANG1005
In situ brain perfusion with 125 I-ANG1005 was performed for 120 s at 5 mL/min. At the end of perfusion, the brain was rapidly removed from the skull and frozen in liquid nitrogen. The perfused (left) cerebral hemisphere was separated, weighed, and ground into a fine paste using a mortar and pestle in the presence of liquid nitrogen. Two mL of ice cold (4ºC) perfusion fluid were added to facilitate removal of the sample into a plastic test tube on ice (BD Falcon, 15 mL high clarity polypropylene conical tube; 17×120 mm). Then, 4 mL of ice-cold (4ºC), acidified acetonitrile (pH 4) were added to precipitate proteins. The mixture was vortexed at 4ºC for 5 min. All samples and solutions were maintained ice-cold throughout the procedure using an ice bucket. After mixing was completed, the test tube was centrifuged for 10 min at 3,000 g and 4ºC. The supernatant obtained was pipetted into a clean 15 mL plastic test tube (BD Falcon), and a 20 µl aliquot was collected for determination of tracer activity. The remaining reconstituted sample (~4 mL) was dried down using a nitrogen evaporator. The dehydrated sample was then reconstituted in 50 µl acidified DMSO (pH 4) and 200 µl of mobile phase (65:35 acetonitrile:water with 0.05% TFA).The reconstituted sample was injected onto the HPLC using a 250 µl loop manual injector, and the method described above was used to separate and analyze the constituents.
In Vivo Tumor Animals
Female NuNu mice (Charles River Laboratories, Wilmington, MA) were anesthetized with isoflurane and inoculated with 175,000 MDA-MB-231 cells, previously selected for brain tropism (231-BR) and transfected with an EGFP construct (36, 37) into the left cardiac ventricle in serum-free media. Tumors seeded the brain and were allowed to grow for 4-6 weeks. Animals then were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and administered 125 I-ANG1005 (10 mg/kg, 7.5 µCi/20 g animal) or 14 C-paclitaxel (12 mg/kg; 25 µCi/20 g animal) into the femoral vein as a bolus. Tracers were allowed to circulate for 20 min and then 3 kD Texas Red dextran (1.5 mg/mouse) was administered i.v. 10 min before death. Animals were euthanized by severing the cardiac ventricles and the brain was promptly removed from the skull and promptly frozen in isopentane (-70ºC). Blood and plasma tracer concentrations at the time of death were determined by liquid scintillation or gamma counting. Frozen brain was cut into 20 µm coronal sections onto glass slides and air-dried. Tissue sections were analyzed for green and red fluorescence using an Olympus MVX10 stereo microscope with appropriate chroma filters (Chroma Technology Corp., Rockingham VT) as follows: eGFP: bandpass filters -excitation = 470±40 nm, emission = 525±50, with a dichromatic mirror set at 495 nm; TX Red 3kDA dextran: bandpass filters -excitation = 560±55 nm, emission = 645±75 nm, and a dichromatic mirror at 595 nm, which inhibited the capture of emission wavelengths below 595 nm and allowed effective separation of the eGFP emission signal from the metastases. Tissue radioactivity was quantified using a Fujifilm FLA7000 phosphoimager and the MCID Analysis program (InterFocus Imaging, Cambridge, England) with 14 C-paclitaxel were normalized to 7.5 µCi/20 g mouse. Tissues were corrected for residual blood tracer using vascular volumes determined by quantitative autoradiography in matching MDA-MB-231BR brain metastases and normal brain tissue in separate animals with 14 C-70kD dextran (5 µCi/animal i.v., 2 min circulation period) (38) . All animal experiments were performed in compliance with an approved IACUC protocol, in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Statistics
Prism 5 software was used to analyze the data. Results were presented as mean ± SEM or S.D.. Statistical significance was determined using one-way analysis of variance (ANOVA). All p-values are two-sided, and Dunnett's or Tukey's post hoc testing was used for multiple comparisons.
Calculations
The unidirectional transfer coefficients for drug uptake into brain (K in ) were calculated from the time course of drug accumulation during brain perfusion as (33) Brain Uptake Space ¼ Q br
where Q br is the quantity of radiotracer drug taken up into brain during perfusion, C pf is the radiotracer drug concen-tration in perfusion fluid, T = perfusion time, and V v = brain vascular volume. In most perfusion experiments, the total measured quantity of radiotracer drug in brain (Q tot ) at the end of perfusion was corrected for that fraction of tracer in perfusion fluid within the brain vasculature using the following equation:
where V v is the brain distribution space of 14 C-sucrose (32, 33) . In single time point experiments, K in was derived as
In in vivo experiments, the total quantity of radiolabeled drug in brain and brain metastases was corrected for residual intravascular tracer by subtracting the product of the 2 min 70 kD 14 C-dextran distribution space (V bl ) and the blood drug tracer concentration at the time of death (C bl ) as , and 8.5±0.5×10 -5 mL/s/g, respectively (Fig. 1A) . Brain uptake at each time point was corrected for intravascular tracer using I-ANG1005 showed 10-and 86-fold greater uptake K in as compared to angiopep-2 and paclitaxel (Fig. 1A) . Brain (Fig. 2B) , demonstrating that the tracer remained intact during perfusion and that uptake was not an artifact of tracer break-down into amino acid units (e.g.,
125
I-iodotyrosine).
Effect of Capillary Depletion and Vascular Washout
Capillary depletion separates brain into brain parenchymal and vascular fractions (35) and is a simple method to estimate the extent to which a drug has crossed the BBB. As shown in Fig. 3A , >70% of brain 125 I-ANG1005 and 125 Iangiopep-2 distributed in the parenchymal fraction, whereas <30% associated with the vascular pellet. Similarly, 1 min post-perfusion wash with tracer-free neutral saline (pH 7.4), ice-cold acid saline (pH 3), or 2.7% albumin fluid was associated with a <15% 125 I-ANG1005 loss from brain ( Fig. 3B and C) . Cold acid wash has been used to differentiate between ligand binding and transport (39, 40) . Similarly, extending the period of neutral saline washout from 1 to 15 min only removed <30% of brain 125 I-ANG1005 tracer (Fig. 3C) , suggesting that the majority of tracer had been taken up into brain or brain endothelial cells, and was not simply binding to the luminal capillary endothelial surface. To determine if brain 125 I-ANG1005 uptake showed competition effects with angiopep-2 peptide, animals were perfused for 120 s with 125 I-ANG1005 saline containing 10 or 100 µM unlabeled angiopep-2 (Fig. 4A) . Co-perfusion with unlabeled angiopep-2 reduced uptake by 30-40% (P<0.05). Similarly, co-perfusion with 10 µM aprotinin or 200 nM receptor-associated protein (RAP), ligands for LRP, reduced (Fig. 4A ) (P<0.05).
Effect of Unlabeled
Receptor transcytosis has been reported to slow at reduced temperature. To test this, we pre-perfused the brain for 90 s with tracer-free ice-cold perfusion fluid to cool the brain. Then, the perfusate was switched to ice-cold perfusion fluid containing 125 I-ANG1005 for 120 seconds. Under these conditions, brain uptake of 125 I-ANG1005 decreased by 40%, similar to the effect seen with transport competitors (Fig. 4A) . Together, the results supported the hypothesis of a component of saturable uptake transport at the BBB mediated by LRP.
125 I-ANG1005 was found to bind significantly to human serum albumin with a free fraction of 10±2% in 2.7% albumin saline. Consistent with this, brain 125 I-ANG1005 uptake K in decreased~90% with 2.7% albumin saline perfusion fluid, as compared to protein-free saline (Fig. 4B ) (P<0.05).
To further investigate the mechanism by which 125 I-ANG1005 is taken up into brain, the effects of co-perfusion with transport inhibitors, including L-phenylalanine (1 mM), poly-l-lysine (25 µM), chlorpromazine (100 µM), and indomethacin (300 µM), were determined by in situ perfusion (Fig. 4C) . None of the four agents produced a statistically significant decrease in the K in for brain uptake of 125 I-ANG1005 (P>0.05). L-phenylalanine blocks the large neutral amino acid transporter (LAT1) (41, 42) , poly-L-lysine reduces cationic absorptivemediated transport (43) , whereas indomethacin and chlorpromazine are inhibitors of caveolae-and clathrinmediated endocytosis, respectively (44) (45) (46) .
Brain Uptake in Mice Bearing Brain Metastases of Breast Cancer In Vivo
A brain-seeking derivative of the MDA-MB-231 (231-BR) human breast cancer cell line produces both large and small brain metastases upon intracardiac injection (36) . Given the relevance of paclitaxel to breast cancer, we asked whether ANG1005 could more effectively penetrate brain metastases of breast cancer than the parent chemotherapeutic compound. Figure 5 shows the brain uptake of 125 I-ANG1005 and 14 C-paclitaxel in 231-BR tumor bearing mice. Tumor cells transfected with green fluorescent protein were visualized by fluorescence microscopy. Texas Red 3 kD dextran (red) was observed to leak from a proportion of metastases, indicating heterogeneity in BTB permeability in this model system. 125 I-ANG1005 uptake into brain exceeded that of free 14 C-paclitaxel by >10-fold at equivalent radiotracer dose (P<0.05). Absolute brain and tumor radiotracer drug concentrations were converted, using matching tracer specific activities and molecular weights, to nmole drug/kg wet tissue weight at equivalent molar doses of the two agents (14 µmole/kg mouse = C-paclitaxel were allowed to circulate in vivo after i.v. injection for 30 min. Texas Red dextran circulated for 10 min prior to death. Animals received equivalent drug doses; radioactivity was normalized to 7.5 µCi/mouse dose of free paclitaxel in 25 mg/kg paclitaxel). Given that 1 kg tissue is approximately 1 L volume, this works out to approximate nM concentration. The results for this comparison are illustrated in Fig. 6 . The absolute tissue concentrations in nmole/ kg (Fig. 6A) showed comparable differences between the two drugs for tumor and brain as to that noted when concentrations were expressed in nCi/g (i.e., ANG1005 >10-fold paclitaxel in brain and ANG1005 >4-fold paclitaxel in brain metastases). Total tissue drug concentrations were corrected for residual vascular drug by subtracting the product of vascular volume and terminal drug concentration in blood. Terminal blood concentration averaged 7,598 nmole/kg for paclitaxel and 35,442 nmole/kg for ANG1005. Mean vascular volumes by quantitative autoradiography were 0.79±0.10×10 -2 ml/g for normal brain (n=35) and 0.39±0.04×10 -2 ml/g for brain metastases (n = 35). Vascular volume, on average, was significantly less in brain metastases than in normal brain in this model of brain metastatic cancer (P<0.05). Vascularly corrected drug concentrations are shown in Fig 6B for tumor and normal brain. Vascular correction lowered the brain drug content by~84% for paclitaxel and 31% for ANG1005, whereas the impact was less for tumor. With this equimolar dose calculation, ANG1005 showed 54-fold greater brain distribution than similarly dosed paclitaxel, whereas the enhancement was 4-fold in brain metastasis. Adjusting for the fact that each ANG1005 holds 3 paclitaxel molecules, the absolute delivery of paclitaxel via ANG1005 was 161-fold greater for brain tissue and >12-fold greater for brain metastases (Fig. 6C) . The results suggest significantly improved brain and brain metastasis delivery of paclitaxel with ANG1005 than with administration of free paclitaxel.
DISCUSSION
In the current study, we evaluated the brain uptake of 125 I-ANG1005, a novel peptide-paclitaxel conjugate designed to improve delivery of paclitaxel across the BBB. Using in situ rat brain perfusion, 125 I-ANG1005 showed significantly improved uptake into brain, with a K in >80-fold greater than paclitaxel and 1-3 orders of magnitude higher than other peptides and antibodies that show transport across the BBB (28, 30, 39, 47, 48) .
In an attempt to determine whether the observed brain 125 I-ANG1005 uptake reflected binding to the vascular elements or transcytosis into brain, capillary depletion experiments as well as extensive post-perfusion washout experiments were conducted. One min post-perfusion with normal saline (pH 7.4), cold acid saline (pH 3), or 2.7% albumin produced only modest (<20%) reductions in brain 125 I-ANG1005 levels. Similarly, with capillary depletion, >70% of tracer was associated with the parenchymal fraction. This suggests that a significant fraction of ANG1005 may transcytose across the BBB and is not simply internalized or binding to the vascular endothelium. Such a finding is consistent with the proposed BBB transport mechanism for angiopep-2 as a drug delivery vector. However, 125 I-ANG1005 is clearly enriched in the microvascular fraction with 15-30% of tracer in the capillary pellet, even though the vascular elements make up <1% of brain. Thus, further studies of the ANG1005 transcytosis process over more extended time periods are merited, as the current study focused upon only the first 1-5 min.
Angiopep-2 was designed based on the binding domains of LRP and is presumed to be transcytosed into the brain by means of the LRP receptor (30) . To examine whether the same mechanism is involved in the brain uptake of Results were normalized to an equivalent drug dose of 14 µmole/kg mouse (i.e., the dose for paclitaxel) and are expressed in nmole/kg wet tissue weight. A-Represents total tissue concentrations of paclitaxel or ANG1005; B-represents vascularly corrected tissue concentrations of paclitaxel or ANG1005; and C-represents vascularly corrected tissue concentrations expressed in terms of paclitaxel content (note-each mole of ANG1005 carries 3 moles of paclitaxel). Results are expressed as mean ± SEM (n=11-25). *P<0.05 brain vs tumor for ANG1005. ***P<0.05 paclitaxel vs ANG1005 within the same tissue a role of LRP receptor. However, the magnitude of these effects was only 30-40% suggesting that either 1) there may be more than one mechanism involved in brain uptake of ANG1005, or 2) the observed brain uptake signal may be a mixture of tight binding and transport, with transport comprising only 30-40% of the signal. A comparable reduction in brain 125 I-ANG1005 uptake was seen with perfusion with ice-cold perfusion buffer that slows transport and transcytosis processes. Demeule et al. (29, 30) similarly found that initial brain uptake of 125 I-angiopep-2 could only be partially inhibited (40-50%) by excess unlabeled angiopep-2 peptide or LRP ligands. The nature of the remaining, uninhibited ANG1005 uptake component remains to be determined.
125 I-ANG1005 influx into brain was homogeneous across sampled brain regions, suggesting that angiopep-2 could be used to deliver drugs broadly to the whole cerebral hemisphere. Similarly, brain 125 I-ANG1005 uptake was not inhibited by L-phenylalanine or poly-L-lysine, demonstrating that the signal was not an artifact of contamination by iodotyrosine or mediated by simple absorptive-mediated endocytosis (41, 43) . The endocytosis inhibitors, chlorpromazine and indomethacin, failed to alter ANG1005 uptake into brain. However, the exposure period (2 min) may have been inadequate for the inhibitors to disrupt the endocytosis process. Most studies pre-incubate the inhibitors for 10-60 min prior to uptake measurement (44) (45) (46) . In contrast, addition of 2.7% serum albumin to the perfusion fluid sharply reduced the free fraction of 125 I-ANG1005 in the perfusion buffer by 90% and similarly decreased 125 I-ANG1005 uptake into brain by in situ perfusion, suggesting that plasma protein binding significantly affects ANG1005 transport across the BBB. This matches what has been found for other drugs, including free paclitaxel, which bind restrictively to plasma proteins (49, 50) . The fact that the reduction in free fraction closely matched the reduction in total brain influx indicates that free (unbound) ANG1005 is the driving force for drug transport into brain (49) . The magnitude of albumin-bound ANG1005 is considerable (90%), but less than that of free paclitaxel in serum (~98%) (51) . However, the free fraction of ANG1005 may be less in serum due to the presence of other plasma proteins. ANG1005, with three paclitaxel residues, showed~161-fold greater uptake into brain than free drug paclitaxel at 30 min after i.v. injection in vivo. These results demonstrate that conjugating a drug, such as paclitaxel, that shows poor brain delivery with a carrier, such as angiopep-2, can significantly increase the drug's brain distribution. Further, our studies show a >10-fold increase in paclitaxel delivery to brain metastases through ANG1005 and that ANG1005 is shuttled into brain at least in part by an LRP-dependent mechanism. In the present studies, tumor-specific localization of ANG1005 was only slightly greater (1.5-fold or less) than surrounding normal brain, though the circulation time in our in vivo experiments was only 30 min. Many tumor cells show increased expression of LRP (29) , and, thus the potential exists for long-term localization and retention based upon LRP-dependent transport and binding. Further, attachment of paclitaxel to angiopep overcomes active efflux mechanisms, such as p-glycoprotein (31) . Thus, ANG1005 may benefit from reduced tissue and tumor exclusion from multidrug resistance transport mechanisms.
We conclude that ANG1005, a novel peptide-paclitaxel conjugate, can be successfully taken up into brain and may sidestep some of the poor brain bioavailability issues observed with classical anticancer drugs, such as paclitaxel. With increased brain availability, ANG1005 would be expected to show promise for the treatment of brain tumors. In fact, Regina et al. (31) have reported initial efficiacy of ANG1005 in animal models against intracerebral glioblastoma and non-small-cell lung carcinoma.
Brain metastases of breast and other cancers represent an unmet medical need. Taxanes are widely used in the treatment of breast and other cancers. Systemic efficacy has been limited by formulation issues, the effects of multidrug resistance pumps and side effects. Efforts to improve taxane efficacy have included nanoparticle formulations (52) and local delivery using implantable controlled release biodegradable polymers (53) . However, local implantable devices would require surgery and may not be effective in the metastatic situation, where multiple lesions often occur. ANG1005 may represent a prefered strategy, whereby multiple brain metastases could be treated without surgery. The present data suggest that this compound may have efficacy alone or in combination with radiation, which will be tested in future studies.
